We investigate the initiation and long-term evolution of tidal networks by comparing controlled laboratory experiments and their associated scaling laws with outputs from a numerical model. We conducted numerical experiments at both the experimental laboratory scale (ELS) and natural estuary scale (NES) and compared these simulations with experimental data and field observations. Sensitivity tests show that initial bathymetry, frictional parametrization, sediment transport, and bed slope terms play an important role in determining the morphodynamic evolution and the final landscape. Consistent with experimental observations, the morphodynamic feedbacks between flow, sediment transport, and bathymetry gradually lead the system to a less dynamic state, finally reaching a stable network configuration. In both the ELS and NES simulations, the initially planar lagoon with large intertidal areas is subject to erosion, indicating ebb-dominance. Based on quantitative analyses of the ELS and the NES simulations (e.g., geometric characteristics and relationship between modified tidal prism and cross-sectional area), we conclude that numerical simulations are consistent with laboratory experiments and show that both type of models provide a realistic, albeit simplified, representation of natural systems. The combination of laboratory and numerical experiments also allowed us to explore the possibility of reaching a long-term morphodynamic equilibrium. Both the physical and numerical models approach a dynamic equilibrium characterized by negligible gradients in sediment fluxes. The equilibrium configuration appears to be consistent with traditional relationships linking tidal prism and cross-sectional area of the inlet. Finally, this contribution highlights the significance of complementary research between experimental and numerical modeling in investigating long-term morphodynamics of tidal networks.
Introduction
Tidal networks, a common feature of tidal embayments and estuaries, display geometric characteristics and morphological patterns that are shaped by the dominance of tidal currents over oceanic waves and fluvial inflows. They are often found in vegetated wetlands such as salt marshes and mangrove forests where the channel systems serve as effective pathways to deliver water, sediment, and nutrients for flora and fauna . These systems are highly valuable for both ecological and socioeconomic reasons, but they are vulnerable to environmental variations under extensive anthropogenic activities and increasing climate changes [FitzGerald et al., 2008] . Although many advances have been achieved over the last three decades, our understanding of tidal network functioning and evolution is still incomplete . Fundamental questions on the long-term evolution of tidal networks must be addressed in order to make strategic and sustainable management plans.
Branching tidal networks are ubiquitous and can be found in coastal settings around the world; some well-known examples include tidal basins in the Dutch and German Wadden Sea, the Venice Lagoon in the northern Adriatic Sea, the French Arcachon Basin, the east coast of the U.S. (e.g., Hampton Harbor bay and Essex inlet), the north coast of New Zealand (e.g., Tauranga Harbor inlet), and the east coast of Brazil (e.g., Caravelas basin). Analyses of short-medium term field data (from turbulent to spring-neap timescales) have greatly improved our understanding of the general morphodynamic behavior and geometric characteristics of tidal networks, but the initiation, evolution, and eventual equilibrium of tidal networks are still unclear owing to the lack of large-scale (>10 km) and long-term (>100 years) observational data. At the large and long scale, under the assumption that these systems have evolved long enough to be close ZHOU ET AL. ©2014 . American Geophysical Union. All Rights Reserved.
to equilibrium, some studies addressed the statistical characteristics and invariant properties of tidal networks. For example, Cleveringa and Oost [1999] performed a fractal analysis along with Horton's hierarchical analysis, suggesting that the network of tidal channels shows a "statistic self-similar fractal" characteristic and that the channel-shoal morphologies are shaped by the combined effects of ebb-driven erosion and flood-dominated net deposition [van Veen et al., 2005] . Fagherazzi et al. [1999] proposed a technique for automatic extractions of tidal networks from digital terrain maps which enabled more detailed investigation of the geometric and morphological characteristics of these systems [Rinaldo et al., 1999a [Rinaldo et al., , 1999b . Rinaldo et al. [1999a] , on the basis of distinctive statistical measures, found that tidal networks exhibit great diversity in their topological forms and show a scale-dependent nature, which contrasts with the more well-documented scale-invariant terrestrial river networks [Marani et al., 2003; Feola et al., 2005] .
However, these studies do not address open questions such as how the evolution of these systems occurs and how the equilibrium condition is achieved. Controlled laboratory experiments provide an alternative to explore the dynamics of these systems from initiation to equilibrium. The data obtained with the simplified laboratory settings can be utilized to compare with historic observations after scaling analysis and to benchmark numerical models [Tambroni et al., 2010] . Although several physical experiments have been conducted, most of them have put the emphasis on terrestrial systems [e.g., Flint, 1973; Hasbargen and Paola, 2000] or on river-dominated systems [e.g., Federici and Paola, 2003; Egozi and Ashmore, 2009; Hoyal and Sheets, 2009] while only a few directly focused on tidal channel systems [Tambroni et al., 2005; Stefanon et al., 2010; Vlaswinkel and Cantelli, 2011; Kleinhans et al., 2012; Iwasaki et al., 2013] . Tambroni et al. [2005] conducted two sets of laboratory experiments to study the morphodynamic evolution of tidal channels in a long and narrow flume. They found that channel sediments from seaward edge of the channel were eroded and transported landward, forming a rapidly moving sharp front. Overall, the ebb-flood flow asymmetry reduced with morphological evolution. Since these experiments simulated a single elongated channel, they could not provide much evidence on how complex tidal channel networks form and evolve. Stefanon et al. [2010 Stefanon et al. [ , 2012 performed a series of laboratory experiments to analyze tidal network initiation and development within a back-barrier ebb-dominated lagoon system under constant tidal forcing or varying sea levels. Synthetic branching networks, with geomorphic characteristics comparable with natural systems (e.g., Venice Lagoon), were observed in these experiments and will be described in more detail in section 2.1. Vlaswinkel and Cantelli [2011] and Iwasaki et al. [2013] performed similar experiments in short and wide basins without back-barriers to observe channel network development. These experiments occasionally resulted in the development of several competing tidal network systems separated by watersheds, depending on the initial bottom perturbations. Kleinhans et al. [2012] designed a novel tilting basin whose motion induced tide-like flow to investigate the channel network growth. This design greatly reduced the experiment time (by an order of magnitude) and avoided a major drawback of earlier experiments that were all ebb-dominated (i.e., seaward net sediment transport and erosion of basin) due to the low sediment mobility during flood phases [Kleinhans et al., 2012] . Ebb dominance occurs when the ebb duration is shorter than the flood duration. In this case ebb velocities are stronger than flood velocities and the asymmetry in the tidal velocities results in an ebb directed average sediment transport.
In the last decade, numerical models (either "exploratory models" or "simulation models" as termed by Murray [2003] ) have also been developed to gain insight into these systems [e.g., Fagherazzi and Sun, 2004; Marciano et al., 2005; D'Alpaos et al., 2005 D'Alpaos et al., , 2007 Kirwan and Murray, 2007; Di Silvio et al., 2010; van Maanen et al., 2011; Nahon et al., 2012; van Maanen et al., 2013] . Based on different levels of simplifications, these models suggest that the feedback between hydrodynamics, sediment transport, and morphological evolution can lead to the development of morphological networks characterized by slowly evolving bifurcating channels. Simulation models, which solve detailed physical governing equations, have been widely adopted in predicting coastal morphological evolution [see, e.g., Hibma et al., 2004; Marciano et al., 2005; van der Wegen and Roelvink, 2008; Ganju et al., 2009; Yu et al., 2012; Dissanayake et al., 2012] . As a result of the high complexity of channel networks and of the bottom-up nature of small-and fast-scale simulation models, a clear knowledge of the relative importance of the processes that govern the initiation and the subsequent long-term evolution of these landscapes remains elusive. On the one hand, a variety of parameters used in simulation models can affect the morphological development and the sensitivity to these parameters has not been comprehensively investigated. This can cause difficulties in setting up this type of numerical ZHOU ET AL.
©2014. American Geophysical Union. All Rights Reserved. models as well as in interpreting their results. On the other hand, the availability of field data for validation, especially in the sense of long term (hundreds to thousands of years), is extremely limited and usually confined to limited temporal spans or spatial coverage [van der Wegen et al., 2011] . Hence, most of the existing morphodynamic models for long-term simulations [e.g., van der Wegen and Roelvink, 2008; van Maanen et al., 2013 ] have never been directly tested against observations, and model results have only been compared to natural systems conceptually or qualitatively. Laboratory experiments are often carried out at a much smaller spatial scale and provide the opportunity to study morphodynamic systems using controlled settings over a much longer temporal scale (from initiation to stable state). However, a typical difficulty lies in finding a reasonable scaling argument which can be applied with confidence to relate physical experiments to natural systems. To address the shortcomings described above, we propose a comparative study using a state-of-the-art numerical model and one of the very few and most detailed laboratory experiments of tidal network formation. The long-term morphological evolution predicted by a numerical model (Delft3D) is compared directly with laboratory experiments conducted by Stefanon et al. [2010] to examine the reproducibility of these types of state-of-the-art models in small-scale simulations, bearing in mind potential challenges such as proper parametrizations of bottom friction and sediment transport. In order to examine the scaling analysis of Stefanon et al. [2010] and to explore how the physical experiments represent the natural estuarine systems (e.g., Venice Lagoon and the Dutch Wadden Sea), we also set up several scaled-up simulations. By combining numerical models with laboratory experiments, this comparative study becomes a benchmark for future numerical modeling and testing of scaling arguments. It also opens up new possibilities for mutually complementary understanding of morphodynamic behaviors of tidal network developments over the timescale of the entire ontogeny. Through this comparative study, we aim to understand the long-term morphodynamic behavior of tidal networks and explore up to which level we can model these systems. Our objectives are (1) to examine the extent to which a state-of-the-art numerical model used to simulate large-scale morphodynamics can reproduce small-scale laboratory experiments, (2) to gain insight into the morphological equilibrium state of tidal network systems, and (3) to investigate the role of different parameterizations on morphological evolution and eventual equilibrium configurations.
Experimental and Numerical Models
This section provides a brief review of the laboratory experiments conducted by Stefanon et al. [2010] and then provides a description of the numerical model as well as its setup.
Laboratory Experiment Description
The experimental setting used by Stefanon et al. [2010] consists of a flat lagoon (5.3 m long and 4.0 m wide) and an outer sea (1.6 m long and 4.0 m wide) separated by a barrier of wooden panels (Figures 1a-1c) . Within the sea area, an offshore shelf (about 1.0 m long and 2.4 m wide) was constructed to represent the gently sloped sea bed. The shelf and the lagoon were connected via a trapezoidal inlet with a midsegment of 40 cm. In the beginning of the experiments, noncohesive plastic grains (with a median diameter d 50 = 0.8 mm and density s = 1041 kg/m 3 ) were uniformly distributed on the lagoon and shelf area with a thickness of 25-30 cm (thick enough to prevent erosion down to the bottom). A representative sinusoidal tide was generated by an oscillating weir at the seaward boundary with fixed amplitudes and periods. The tidal range was 1 cm (i.e., amplitude a = 0.5 cm) and the tidal period T = 480 s. Stefanon et al. [2010] presented four experiments with different hydrodynamic conditions or geometric settings. Our study will focus on those carried out with constant tidal characteristics (i.e., Run 3 and Run 4 in Stefanon et al. [2010] ), while the other two (Run 1 and Run 2) are not considered because they were conducted under abrupt time-varying tidal forcing characteristics and this could cause difficulties in setting up the model and also analyzing model results. The two experiments considered in this study (Run 3 and Run 4) were conducted under the same conditions except for the initial perturbations of the bottom. The initial water depth on the lagoon was set to 0. The bottom elevation of the lagoon was measured using a laser system with a planimetric resolution of 1 cm × 1 cm (Figures 1d and 1e) . Because of the shallow flow conditions in the experimental apparatus, the flow velocities could not be measured directly during the experiments. The reader is referred to Stefanon et al. [2010] for a detailed description of these experiments.
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Numerical Model Description
The numerical model adopted in this study is Delft3D [Lesser et al., 2004; van der Wegen et al., 2008] which solves the nonlinear shallow water equations, resulting in the temporal evolution of the flow field (i.e., velocities and water levels) over the spatial domain:
where u and v are the depth-averaged velocities in x and y direction, respectively (m/s); t is time (s); h is the water depth (m); is the water level with respect to datum (e.g., MSL) (m); f is the Coriolis parameter (s −1 ), and this effect is neglected in this study; is the horizontal eddy viscosity coefficient (m 2 /s); C is the Chézy friction coefficient (m 1∕2 /s), and g is the gravitational constant (m/s 2 ).
The flow field can be coupled with various sediment transport formulations, and three formulas are considered in this study : van Rijn [1993] , Engelund and Hansen [1967], and Meyer-Peter and Muller [1948] (indicated by vR, EH, and MP hereafter). These sediment transport formulas are adjusted to account for bed slope effects in both longitudinal [Bagnold, 1966] and transversal directions [van Rijn, 1993] . Since the model sensitivity to the bed slope terms is analyzed in the following sections, the treatment of the bed slope terms is described in Appendix A. The sediment transport vector, which has been adjusted for magnitude and direction, is given by
where − → S 1 and − → S n are the adjusted longitudinal and additional transversal sediment transport vectors (m 3 /m/s), respectively.
The bed level is updated every time step using the mass balance equation:
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In order to reduce the computational cost of morphological models, different approaches have been proposed [e.g., Roelvink, 2006] . These approaches are based on the observation that the morphological time scale is much larger than the hydrodynamic time scale. With this consideration in mind, Delft3D applies a morphological acceleration factor (f mor ) to speed up the simulations. In this approach, the bed level change calculated every hydrodynamic time step is linearly scaled up by f mor and the resulting bed level is used in the next hydrodynamic time step. The value of f mor varies for different conditions, and sensitivity tests are required to choose a proper value. A typical f mor for sandy environment may range from tens to hundreds as long as the general morphological characteristics can be maintained [van der Wegen et al., 2008; Dastgheib et al., 2008] .
When modeling tidal network formation in intertidal basins, as it is done in the current study, the wetting and drying processes of tidal flats should be considered. There are various methods to treat this process (see Medeiros and Hagen [2012] for a review). In Delft3D, the computational cells are removed from the hydrodynamic calculation when they become dry (water depth decreases below a threshold value, default 0.1 m) and reactivated when they become wet (water depth rises above twice the threshold value, 0.2 m). This default threshold water depth is too large to properly reflect the drying and wetting processes for the small-scale laboratory simulations, and therefore, a value of 0.001 m is adopted. For the scaled-up simulations, the default threshold of 0.1 m is used.
Numerical Model Configuration
Two categories of simulations are set up: experimental laboratory scale and natural estuary scale (indicated hereafter as "ELS" and "NES, " respectively). For the ELS simulations, the initial input bathymetries are those measured at the beginning of the physical experiments. In order to allow the development of small channels, a fine grid cell size of 2.5 cm is used, which in turn considerably limits the time step (0.24 s). Sensitivity tests indicate that for the ELS simulations, the morphological evolution is sensitive to the values of f mor . We compared the morphological evolution of a simulation using f mor = 1 after 1000 tides with another simulation using f mor = 2 after 500 tides so that the morphological time is identical in both cases. The resulting morphological developments differ considerably in these two simulations (not only the spatial distributions of channels and shoals but also the mean basin elevations are different). Therefore, the value of f mor is set to one (i.e., no morphological acceleration) in the ELS simulations.
The NES simulations are set up according to the scaling analysis of Stefanon et al. [2010] ; see Table 1 . The scaling arguments are derived based on the similarity of hydrodynamics (Froude similitude and the similitude of local inertia and advection) and sediment transport (similitude of Shields parameter and particle Reynolds number) between the prototype and physical model. After scaling, the microtidal and mesotidal prototypes with dimensions of 3600 m × 4700 m and 5000 m × 6700 m are comparable to the Venice Lagoon and the Dutch Wadden Sea, respectively. To satisfy the hydraulic similitude, the NES models need to be vertically distorted; i.e., the distortion ratio between the vertical depth scale and the horizontal length scale is different between the microtidal and mesotidal cases; see Stefanon et al. [2010] The "standard" values of several key parameters used in this study (Table 2) , including the friction (Chézy coefficient C), the horizontal eddy viscosity ( ), the longitudinal and transversal bed slope factors ( bs and bn , respectively), and the bed load multiplier factor (f bed , the calculated bed load transport is adjusted by multiplying this factor), are obtained based on sensitivity tests and will be varied in section 3.6 to investigate their specific influence.
Results
This section first presents the morphological evolution of both the ELS and NES simulations to provide a general impression of tidal network ontogeny. Quantitative analyses then follow to compare in detail the numerical and physical model results, including mean bed level evolution of the lagoon, hydrodynamic conditions in the channels/flats, and bathymetric/planimetric characteristics of the channels. Last, a sensitivity analysis is performed to investigate the effects of some key parameters on the modeling of long-term evolution of tidal networks.
ELS Simulations
The laboratory experiments Run 3 and Run 4 were carried out under the same external hydrodynamic forcing in order to investigate how differences in the initial bathymetry (small perturbations on the order of 0.001-0.004 m) could affect tidal network formation. Figures 2a-2d show the numerically simulated tidal network evolution of Run 3. The initial phase of development is very rapid: one main channel forms in the center of the inlet (with the planimetric expansion at the rate of approximately 0.015 m per tide) and branches into several small tributaries after about 100 tidal cycles ( Figure 2b ). These smaller channels expand horizontally at a rate of approximately 0.01 m per tide and also develop quickly in depth and width, while branching into smaller tributaries. As time proceeds, these branches gradually occupy the flat basin and some smaller channels merge to form larger channels. Several small tributaries are filled with sediment transported from the banks of larger nearby channels and eventually disappear. After 1000 tidal cycles, a tidal network dissecting the entire lagoon is formed (Figure 2c ), and at this stage, the growth of the system has slowed down (the rate of the planimetric expansion is smaller than 10 −5 m per tide) and the main developed channels (mostly near the inlet) start to adjust themselves primarily in the vertical direction (rather than expanding). A stable tidal network is obtained after approximately 3000 tidal cycles, and the general configuration is only subject to insignificant modifications until the end of the simulation of 8000 tidal cycles (Figure 2d ).
Figures 2e-2h show the numerical results reproducing the network evolution in Run 4. Three main channels form near the inlet after less than 100 tidal cycles and start to branch out throughout the flat lagoon (Figure 2f ). The branching process in this simulation is more symmetric than Run 3, which is in accordance with laboratory observations (Figures 1d and 1e) . A general network configuration is reached after 800 tidal cycles and the channel growth slows down afterward. After around 2500 tidal cycles, a stable network morphology is obtained. As observed in the laboratory, Run 3 and Run 4 generally share a similar process of channel initiation and development while differ in the elongation and branching due to the different initial perturbations in the lagoon bathymetry.
NES Simulations
The initial bathymetries of the microtidal and mesotidal simulations are created from Run 4 by scaling the bottom elevation with a factor of 100 and 200, respectively, so that comparable initial perturbations with the ELS simulations could be maintained. Figures 3a-3c show the morphological evolution of the NES microtidal simulation (tidal range = 1 m, Table 1 ). The channels start to develop, several appear near the inlet (with a length of about 1.2 km and an average depth of 0.5 m), after about 1.5 years (equivalent to approximately 1000 tidal cycles, Figure 3a ) when a general structure of the tidal network is already present in the laboratory experiment (Figure 2g ). These small channels grow wider and longer and branch into more tributaries, similar to the laboratory experiments. Nearly half of the lagoon has been dissected by the channel networks after 10 years (≈ 8000 tidal cycles, Figure 3b ). The system is still far from equilibrium and the channels continue extending at a considerable rate (200-300 m per year). For comparison, at this point, the ELS simulations have reached a stable configuration (Figures 2d and 2h ). After about 50 years, a network structure has developed and the channel development has slowed down (50-100 m per year). A stable planimetric configuration of tidal network is achieved after approximately 100 years when some small tributaries reach the boundaries of the lagoon (Figure 3c ). After this time, morphological developments similar to the ELS simulations are observed: the existing main channels near the inlet are subject to slow deepening and adjusting to a time invariant depth. This equilibrium state is reached after approximately 200 years. The averaged depth of tidal flats on the stable tidal network system is around 0.3-0.4 m, while the channels have an averaged depth of approximately 2.0-3.0 m. This agrees well with the historic observational data of relatively natural Venice Lagoon at the beginning of the 19th century [Stefanon et al., 2010] . Channel networks form faster in the ELS simulations (compared to those in the NES simulations) for several reasons: First, less sediment must be moved in the ELS simulations. Second, only (semi)empirical formulations exist for ZHOU ET AL. some quantities (e.g., sediment transport). Small differences in parameterizations of those quantities can be amplified by long-term, equilibrium simulations also because of the morphodynamic feedback operating at different temporal and spatial scales. Clearly, this is an area where further research is needed.
The mesotidal simulation (tidal range = 2 m, Table 1 ), with a lagoon of larger dimension, shows a similar trend in the channel development (Figures 3d-3f ) . However, the network under the mesotidal forcing extends more rapidly and occupies larger portion of the surface area in the lagoon after the same amount of simulation time compared with the microtidal case (Figures 3a-3c) . A similar result has also been presented by van Maanen et al. [2013] (using a different numerical model), showing that channel network formation occurs more rapidly when the tidal range increases (as a result of the increased tidal prism and associated increased strength of tidal currents). After 1.5 years, a small branching channel network has taken shape, which is more pronounced both in size (the horizontal length is about 2.5 km) and depth (on average, around 1.0 m) than the microtidal case. These small tributaries subsequently branch into more subchannels while maintaining a network which dissects two thirds of the entire lagoon after approximately 10 years. A general structure forms after about 50 to 60 years and the morphological change tends to adjust slowly afterward until it reaches a stable planimetric configuration after approximately 130 years (Figure 3f ). Morphological equilibrium is achieved after about 250 years. The averaged depths of tidal channels and flats (in the ranges of 3.0-4.0 m and 0.5-0.6 m, respectively) are generally larger than those of the microtidal case (2.0-3.0 m and 0.3-0.4 m, respectively), which is generally consistent with the mesotidal basins of the Dutch Wadden Sea [Marciano et al., 2005] . Stefanon et al. [2010] found that the mean bed elevation of the lagoon decreases rapidly in the beginning phase of the experiments. Erosion slows down when the network is already fully developed; at this stage, approximately 9-10% of the lagoon sediment is eroded and transported to the shelf and outer sea regions (see the red lines with markers in Figure 4 ). Due to the lack in external sediment supply and the dominance of bed load transport (because of the very shallow water depth in the basin), the experimental lagoon shows pure erosive characteristics with sediment exported seaward. Four representative simulations are presented in this section to show the initiation and evolution of tidal networks: the first two are the ELS simulations (red lines in Figure 4 ) and the other two are the NES simulations (black lines in Figure 4) . The ELS simulations are generally capable of reproducing the erosive nature of the system but do not show the same amount of sediment erosion in the lagoon as observed in the experiments. There are several reasons that may be responsible for this discrepancy. First, the numerical model does not consider some processes that can occur in the laboratory experiments, e.g., sediment avalanching in the initial phase of the experiments (the slumping behavior of bed elevation in the beginning of the experiments) and bank erosion (accounts for approximately 1% less bed erosion than the experiments). Second, processes related to sediment transport at the experimental scale (low-density and large artificial grains) are not clear and may not be well described by the sediment transport formulas used in this study. Third, accurate prediction of sediment transport and morphological evolution is challenging even at the short term (the deviation compared to measurements can easily be 1-2 orders of magnitude) and there is the possibility that inaccuracies cascade and accumulate for long-term modeling, an area that clearly awaits more research efforts. The NES simulations are also capable of reproducing the erosive character of the system and furthermore show sediment erosion ZHOU ET AL.
Morphological Evolution
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Hydrodynamic Characteristics
Because of the very shallow water in the experimental apparatus, the flow velocities could not be measured directly. As an alternative, Stefanon et al. [2010] adopted a hydrodynamic model [Carniello et al., 2005 [Carniello et al., , 2011 Defina, 2000] Figure 5a ), and similarly, the maximum ebb flow velocities are slightly larger. These maximum velocities agree quite well with the scaling analysis by Stefanon et al. [2010] ; see Table 1 .
The spatial distribution of the flow velocity magnitude at maximum flood condition based on the stable network for the NES mesotidal and the ELS Run 3 simulation is shown in Figures 5b and 5c , respectively. Inside the basin (excluding the inlet area), the velocities in the channels are typically of 0.3-0.5 m/s for the NES simulations and 0.02-0.04 m/s for the ELS simulations. The maximum velocities are found close to the tidal inlet: approximately 0.8 and 0.05 m/s for the NES and ELS simulations, respectively. As expected, by comparing the flow field with the corresponding bathymetries (Figures 2d and 3f ) , it emerges that velocities in the channels are much larger than those in tidal flats.
Bathymetric and Planimetric Analysis
The ratio between channel top width (B) and channel mean depth (D) is important parameters controlling the morphological evolution of tidal networks [e.g., Allen, 2000; D'Alpaos et al., 2005; Vlaswinkel and Cantelli, 2011] . From the experimental data, Stefanon et al. [2010] found that B 0 (width near the channel mouth) generally ranges from 0.08 to 0.10 m and D ranges from 0.01 to 0.02 m. There is an approximately linear relationship between channel width and mean channel depth such that the ratio = B∕D is nearly constant varying between 10 and 30, with a lower limit of 5 and an upper limit of 60. However, this ratio is subject to the scaling effect and Stefanon et al. [2010] indicated that the corresponding natural microtidal and mesotidal environments should have the ratio in the range of 50-150 and 25-125, respectively. These ratios are reasonably close to the observed network systems such as the microtidal Venice Lagoon [Marani et al., 2002] and the mesotidal Dutch Wadden Sea [Marciano et al., 2005] .
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©2014. American Geophysical Union. All Rights Reserved. Figure 3d for NES microtidal cases, and channels C7 and C8 are indicated in Figure 3h for NES mesotidal cases. The straight lines in each panel are fitted using linear regression.
Our model results show that both the ELS and NES simulations display the approximately linear relationship between B and D (with coefficients of determination R 2 ranging around 0.61-0.89) as found in the physical experiments ( Figure 6 ). Compared to the experimental data, the ELS simulations show less reduction of the mean lagoon elevation (Figure 4 ) while the general surface drainage area is similar. Hence, the lowest-order D of the ELS simulations (0.001-0.004 m) is smaller than that of the experimental observations, while the top width of the largest cross section (near the channel mouth) B 0 (0.08-0.10 m) is the same order of magnitude (Figure 6a) . Therefore, the modeled channel width-to-depth ratio has a value of 36-85 ( Figure 6a) ; the values are slightly larger than those found in the laboratory, which range between 5 and 60.
The NES scale simulations have shown more pronounced branching behavior occupying more drainage area (Figure 3) . For all the developed tributaries in the lagoon, the channel width and the mean depth of the microtidal simulation are approximately 20-200 m and 0.5-1.0 m (e.g., C5 and C6 in Figure 6b ), while the values of the mesotidal case are around 30-300 m and 0.5-1.8 m (e.g., C7 and C8 in Figure 6b ). The microtidal simulation shows slightly larger width-to-depth ratios than the mesotidal case, which is in accordance with the scaling analysis of Stefanon et al. [2010] . Compared to the field data, the value of obtained in the numerical model tends to be generally slightly larger. The main reason for this is that some processes which may lead to lower values of have been ignored in the model: (1) possible presence of cohesive sediment (or cohesive-noncohesive mixture) and (2) presence of vegetation on the intertidal area [Marani et al., 2002; Lawrence et al., 2004] .
Apart from the channel width-to-depth ratio, the experimental results of Stefanon et al. [2010] showed that the channel width decreases exponentially landward, which has been widely observed in nature [e.g., Lanzoni and Seminara, 2002; Townend, 2010] . Following Stefanon et al. [2010] , we evaluate the dependence of channel width B(s) on the intrinsic channel axis coordinate s (positive in landward direction) using B(s) = B 0 exp(−s∕L B ), where B 0 is the channel width at s = 0 (e.g., channel mouth) and L B is the convergence length of the channel. The numerical model results exhibit channels characterized by an approximately exponential convergence, coefficients of determination R 2 range around 0.80-0.92 (Figure 7 ). This is ZHOU ET AL.
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Another important geometric measure of tidal basins is the hypsometric curve which relates cumulative surface areas or volumes with corresponding basin elevation z bed [Boon and Byrne, 1981; Yu et al., 2012; van Maanen et al., 2013] . In order to avoid the scale issue and compare different simulations, the hypsometric curves have been drawn in nondimensional form; i.e., the elevation is scaled as z rel = (z bed − z min )∕(z max − z min ) and the surface area as A bed ∕A max , where z max and z min are maximum and minimum basin elevations, respectively; A bed and A max are the surface area below elevation z bed and the maximum basin surface area, respectively. Since the numerical model uses the laboratory measured (or scaled-up) bathymetry as input, the initial hypsometries for all the ELS and NES simulations are almost identical; see the dashed black line in Figure 8 . Approximately 90% of this initial hypsometry is nearly horizontal (with a relative elevation of approximately 0.3) because the starting bathymetry in the lagoon was almost flat. There is a turning point (indicated by the grey dashed circle and arrows) at about 93% of the horizontal axis because the bed elevation near the barriers is much higher (see the red area in Figure 2 ).
After about 7000 tidal cycles, the laboratory generated stable networks of Run 3 and Run 4 show very similar and relatively flat hypsometric curves, with major surface area falling in a relative elevation of 0.4-0.6 (see the green lines in Figure 8 ). This indicates that the general morphological characteristic of Run 3 and Run 4 are similar, even though the details of pattern formations are highly influenced by initial bottom perturbations. The measured hypsometric curves are relatively flat, indicating that the distribution of bed levels is limited within a small range of elevations. The turning point of the hypsometries moved toward the right-hand side and reached approximately 99% in the horizontal axis because most of the high area near the barriers was eroded in the experiments and it accounted for 10% of the total sediment eroded.
The numerically obtained networks of the ELS simulations (blue lines) also show flat hypsometries, but the relative elevation of most of the surface area falls in the range of 0.6-0.7, which is higher than laboratory measurements. There are two reasons for this: (1) less lagoon sediment erosion has occurred in the ELS simulations, producing a generally higher lagoon bottom, and (2) the high area near the barriers was not eroded in the numerical simulations. The second reason also holds for the NES simulations in which the relative elevation of the hypsometries (red lines) are higher. The turning points of the hypsometries for the numerically simulated tidal networks only slight moved to the right of the horizontal axis (up to approximately 95%) because the high area near the barriers was only slightly eroded by the end of the simulations (the red area in Figure 2 and 3) . Most of the high area near the barriers were dry even at the high water level and no bank erosion was reproduced.
Sensitivity Analysis
In order to investigate the sensitivity of different parameters in determining the erosive behavior and the geomorphic characteristics of the network, we set up a series of simulations by varying the relevant parameters listed in Table 2 . The corresponding morphological patterns are shown in Figure 9 .
Influence of Horizontal Eddy Viscosity and Bottom Friction
The horizontal eddy viscosity is parametrized in the momentum equations (2) and (3) adopted and normally ranges from 1 to 10 m 2 /s for a grid resolution of tens of meters for the NES simulations. For the ELS scale simulations, a grid cell of 2.5 cm × 2.5 cm is used in order to capture the possible small tributaries. Therefore, the value of horizontal eddy viscosity needs to be reassessed with such small grid system. In this study, three values ( = 0.0005, 0.001, and 0.002 m 2 /s) are considered. Using a value of = 0.0005 m 2 /s, the temporal change of mean lagoon elevation (blue solid line in Figure 10a ) shows approximately 1% less basin erosion compared with the case with = 0.001 m 2 /s (Figure 10a ). Well-branched tidal networks are observed in the simulations with = 0.0005 and 0.001 m 2 /s, while the case with = 0.002 m 2 /s tends to result in smoother bed evolution and lower-order small tributaries do not exist ( Figure 9a) ; therefore, the value of = 0.002 m 2 /s is considered to be too large and inappropriate for the ELS simulations. These results are not entirely surprising since the flow field is smoother with larger eddy viscosity, which in turn leads to a more uniform distributed sediment transport and hence smaller gradient of bed level change (that in turn feeds back to the calculation of flow field). This hydromorphodynamic loop eventually results in smoother bottom patterns as shown in Figure 9a .
The bottom friction parametrization plays an important role in modeling the morphodynamics of tidal basins because it affects the bottom shear stress exerted by the current and therefore affects the sediment transport capacity. It also influences the tidal current asymmetry affecting the ebb or flood dominated nature of the system, especially in shallow lagoons. Friction is here parametrized using the Chézy coefficient (C) with a typical value of 65 m 0.5 /s (larger C indicates smaller bed friction). For the ELS simulations, 65 m 0.5 /s is not an appropriate value because of the very shallow water depth and the artificial sediment adopted. Sensitivity tests indicate that tidal network develops only for the cases with very large Chézy coefficients (around 200 m 0.5 /s, hence smaller bed friction) while smaller values (e.g., 100 m 0.5 /s) tend to produce a tidal network characterized by limited branching channels (Figure 9b ). The effect of friction on morphological change is nonlinear: larger friction tends to damp the flow, while enhancing the bed load transport which is in turn monotonically dependent on flow velocity. For this reason, the lagoon bed erosion does not positively depend on Chézy coefficients, as can be seen by comparing three cases with the Chézy coefficient equal to C=100 m 0.5 /s, 200 m 0.5 /s and 300 m 0.5 /s (Figure 10a ).
Influence of Sediment Transport and Bed Slope Terms
The sediment used in the ELS simulations differs significantly from normal sand; therefore, its transport is difficult to accurately describe using existing sediment transport formulations that are valid for natural sediments. Three widely adopted formulas, i.e., Engelund and Hansen [1967] , Meyer-Peter and Muller [1948] , and van Rijn [1993] , are tested in this study. Model results show that after 1000 tidal cycles, the mean lagoon elevation decreases 2.4% with the vR-formula, 0.5% with the EH-formula, and 0.2% with the MP-formula (Figure 10b ). Although sharing similar maximum sediment fluxes under the same peak flow velocities (sediment flux is around 0.9-1.5×10
−5 m 3 /s/m when flow velocity is 0.25 m/s), the MP-formula gives less reduction of lagoon elevation compared to EH-formula. This occurs because a threshold velocity for sediment initiation is required in the MP-formula (no threshold for the EH-formula) and the value for the current setting (artificial sediment and a Chézy coefficient C = 200 m 0.5 /s) is approximately 0.2 m/s which can be only reached at limited locations in the beginning phase of the simulations. As for the vR-formula, there is also a threshold velocity which is less than 0.1 m/s, whereas the sediment flux (around 1×10 −4 m 3 /s/m under the same flow velocity 0.25 m/s) is much larger than the other two formulas. Overall, consistent with the experiments, all the three sediment transport formulas result in net erosion in the lagoon. It is difficult to assert which formula is better in this case since no calibration data measured for sediment transport is available (the laboratory water depth is too shallow to permit the measurement of sediment transport). The vR-formula produces the closest sediment erosion in the lagoon compared to the experiments and is the one considered in this study. The sediment transport formulas are also important in determining the evolution and final pattern formations due to the morphodynamic feedback. The resulting channel network using the EH-formula (Figure 9c) shows that channels are narrower and shallower compared to models utilizing the vR-formula (Figure 2g ).
The bed load transport multiplier (f bed ) can also alter the amount of sediment eroded from the inner lagoon. The default value of f bed in the vR-formula is usually set to 1.0 (Figure 9d) , which results in approximately 1.3% erosion of the lagoon (Figure 10b) . Two larger values, f bed = 1.5 and 2.0, lead to larger reductions in lagoon mean elevation (Figure 10b ). This occurs because the initial elevation throughout the lagoon bottom is approximately equal to the mean water level (MWL), and hence, the entire lagoon in the beginning phase of the simulations can be considered as an intertidal flat. As shown by many studies [e.g., Boon and Byrne, 1981; Speer and Aubrey, 1985; Friedrichs and Aubrey, 1988; Speer et al., 1991; Jewell et al., 2012] , tidal basins with large intertidal flats and shallow channels tend to be ebb-dominated. Therefore, the modeled system tends to export sediment seaward and more sediment can be exported if sediment flux is larger. However, it is found that the value of f bed should not be too large; otherwise, the morphological evolution becomes unrealistic during the first tidal cycles. For example, a considerable amount of sediment can be eroded near the inlet during the ebb. This erosion can produce a deep artificial sand hole (similarly, possible large sedimentation leads to artificial steep shoals during flood tide) and significantly jeopardize the subsequent morphological evolution.
With respect to the bed slope effect, the current model treats it in two directions: the initial direction of the transport ( bs ) and the direction perpendicular ( bn ). Figure 10c shows that a larger bed slope term (both terms) results in more reduction of the lagoon mean elevation. This can be explained by equations (A1)-(A3): an increase of either bn or bs will lead to an increase of sediment transport magnitude enhancing ebb dominance. These two bed slope terms also impact pattern formation (Figures 9e and  9f ): larger bn tends to result in wider channels (in agreement with van der Wegen and Roelvink, 2008) , and larger bs leads to deeper channels near the inlet and smoother bottom profiles of the lagoon. Figure 11 . The modified tidal prism C I P is plotted versus the inlet cross-sectional area Ω for inlets of natural systems [Jarrett, 1976; Byrne et al., 1980] , laboratory experiments [Mayor-Mora, 1977; Seabergh et al., 2001; Stefanon et al., 2010] , and the numerically modeled inlets based on ELS and NES simulations. The linear regression line is obtained by fitting the data sets of both field observations and laboratory experiments. Evolution of the "C I P-Ω relationship" from experimental tidal networks of Stefanon et al. [2010] and from numerical simulations (ELS and NES) is shown by trajectories of markers.
Discussion
The ELS and NES simulated tidal networks have been analyzed in terms of both morphological evolutions and geomorphic characteristics and compared with experimentally obtained ones. In order to gain more in-depth insight, in this section we discuss the following three questions: (1) How representative are physical and numerical models of full-scale systems? (2) What role the initial bottom perturbation plays in the long-term morphological evolution? (3) Can morphological equilibrium of tidal networks be reached in these types of models and how equilibrium state can be identified?
Here, we deal with four types of tidal networks: experimentally observed, numerically simulated (ELS and NES), and natural ones; hence, it is convenient to discuss the above three questions if all the four types of networks can be compared using a common physical base. A power law relating the characteristic tidal prism P and cross-sectional area Ω in the form of Ω = kP n (hereafter indicated as "P-Ω relationship"), is found to hold based on field observations [O'Brien, 1969; Jarrett, 1976; Hume and Herdendorf, 1993] , theoretical analyses [Marchi, 1990; Hughes, 2002; van de Kreeke, 2004] , numerical models [van der Wegen et al., 2010; D'Alpaos et al., 2010] and laboratory experiments [Stefanon et al., 2010] . Following the O'Brien-Jarrett-Marchi law , the exponent n is found to be 6/7 and the proportionality coefficient k can be expressed as
where T is the tidal period, u * c is the friction velocity, W is the inlet width, and k s is the Strickler roughness coefficient. Specifically, Hughes [2002] found that data obtained by analyzing small tidal inlets [Byrne et al., 1980] and small-scale movable-bed experiments [Mayor-Mora, 1977; Seabergh et al., 2001] did not agree well with the traditional P-Ω relationship as found by Jarrett [1976] . This disagreement suggested that this P-Ω relationship relied on additional physical parameters that might not vary significantly for the inlets studied by Jarrett but probably affected the smaller inlets. Based on the concept of equilibrium depth associated with maximum discharge per unit width, Hughes [2002] derived another relationship which related the cross-section area Ω with a modified tidal prism C I P that allowed for the accounting of additional physical parameters such as tidal forcing, sediment characteristics, and the inlet geometry. Combining the theory of Hughes [2002] and the O'Brien-Jarrett-Marchi law, the coefficient C I can be expressed as [Stefanon et al., 2013] .
As a general comparison, Figure 11 shows the relationship between the modified tidal prism C I P and the inlet cross-sectional area Ω (hereafter indicated as "C I P-Ω relationship") for inlets of natural systems, laboratory experiments, and the ELS and NES numerical models.
Representation of Physical and Numerical Models for Natural Systems
From a morphological point of view, in terms of general bifurcation patterns, the synthetic tidal networks generated in the laboratory resemble those observed in nature. The quantitative analyses by Stefanon et al. [2010] , e.g., geometric interpretation and comparison with empirical relationships, further confirm the comparability of experimentally obtained tidal network with reality. The ELS numerically modeled tidal networks are also comparable to observed systems in terms of planar shape (Figures 2d and 2h) and quantitatively for the geometric characteristics (Figures 5, 6 , and 7). The overall similarity can be seen in the "C I P-Ω relationship" as shown in Figure 11 . The laboratory produced tidal networks Run 3 and Run 4 (indicated by the red circle and blue cross markers, respectively) follow the same trend of C I P-Ω variations toward a stable state. During the evolution, the cross-sectional area progressively adapts to tidal prism flowing through the inlet section. This behavior is also found in the evolution of the ELS tidal networks Run 3 and Run 4 (indicated by yellow circle and red star markers, respectively). However, they differ from the experimentally observed tidal networks in two aspects: (1) less erosion of lagoon sediment (which results in a smaller tidal prism compared to the laboratory observed tidal networks at the equilibrium state; see Figure 11 ) and (2) the details of the channel network. The reasons for these differences are many (see section 3.3), and the sensitivity analysis (section 3.6) has shown the relative importance of different parameters in determining the amount of sediment to be eroded from the ebb-dominated lagoon. One may be able to "tune" the numerical model to obtain a better fit with experimental observations, but the main focus of the sensitivity analysis is to investigate the role of different parameters in the model and examine whether the state-of-the-art morphodynamic numerical model is able to reproduce the general network configuration in a correct manner.
On the other hand, the scaled-up NES microtidal and mesotidal numerical simulations, using model parameters in the range for which the related formulations have been developed, generate more pronounced tidal networks which show satisfactory quantitative agreement with both laboratory observations (after scaling interpretation) and field data (the Venice Lagoon and Wadden Sea). Specifically, the tidal prism and cross-section area evolve toward equilibrium state that agrees well with the "C I P-Ω relationship" obtained by fitting the natural and experimental data. This not only suggests that the numerical model is capable of simulating tidal networks comparable to natural ones but also provides a mutually complementary examination between the numerical model and the scaling arguments. Therefore, the correctness of scaling arguments can be checked by numerical models, which adds confidence to upscaling physical experiments. Overall, our results indicate that both the physical and numerical models can be considered good representations for natural systems.
Influence of the Initial Bathymetry
Based on the numerical experiments on the formation of low-order fluvial valleys and stream-bed cyclic sandy steps, Perron and Fagherazzi [2012] argued that initial conditions influence morphological evolutions toward equilibrium state in both models and nature, which has been confirmed by many studies. For example, Dastgheib et al. [2008] used three different types of starting bathymetries (flat, sloping, and real) to model the long-term evolution of the Dutch Marsdiep Tidal Basin and found distinctive model outputs. A recent study by van Maanen et al. [2013] specifically addressed the impacts of initial basin depth on morphological development of tidal embayments, showing that channel network formation occurs more rapidly when the initial basin depth is larger. In contrast to the previous examples which demonstrated the effects of initial basin shape or depth on morphological evolution, this study, in line with recent findings [Perron and Fagherazzi, 2012] , indicates that even the small initial bottom perturbations can have a pronounced effect on both the experimental and numerical model outcomes. Although sharing the similar bulk characteristics, e.g., hypsometries (Figure 8 ), averaged bed elevations (Figure 4) , and the evolution of "C I P-relationship" (Figure 11 ), the numerical ELS simulations Run 3 and Run 4 differ in the final morphological patterns. This is consistent with the experimental results of Stefanon et al. [2010] . These authors noticed that the initial bathymetry of Run 3 was characterized by a small transverse slope while it was almost horizontal in Run 4, which explained the more symmetric morphological development in Run 4. Similarly, the numerical tidal network generated in ELS Run 4 (Figure 2h ) also displays more symmetric branching patterns than Run 3 (Figure 2d ).
Both the experimental and numerical models started with a similar flat lagoon bottom with slightly initial random perturbations but ended with obviously different tidal network systems (Figure 2 ). This indicates that the channel initiation tends to be triggered by almost random bottom perturbations while the later phase of channel elongating, widening, deepening, and meandering is determined by the morphodynamic loop [Fagherazzi and Sun, 2004; Coco and Murray, 2007; Vlaswinkel and Cantelli, 2011] .
Morphodynamic Equilibrium
A last remark is made in this section on the term "morphodynamic equilibrium" which has been widely used in literature. Many authors [Pritchard and Hogg, 2003; Hibma et al., 2003; Marciano et al., 2005; van der Wegen and Roelvink, 2008; Toffolon and Lanzoni, 2010] discussed equilibrium within the context of long-term evolution of natural and modeled tidal patterns. However, there is no agreement on whether numerical models can achieve an equilibrium and what type of equilibrium is eventually achieved. A definition of static equilibrium requires null sediment fluxes and null bed level changes. Although conceptually and physically sound, this definition can not be achieved in natural systems (forcing is constantly changing) and it cannot be achieved in our simulations where the magnitude of sediment fluxes decreases over time but it is never zero over the whole tidal cycle. Our simulations indicate instead the possibility of what we define as "dynamic equilibrium" where gradients in sediment fluxes approach zero (and so do bed levels). Overall, there are many indicators to characterize an equilibrium state, e.g., empirical relationships [Dronkers, 2005; Powell et al., 2006; Stive and Rakhorst, 2008] , certain geometric characteristics of bottom profiles [Kirby, 2000; Pritchard and Hogg, 2003; Toffolon and Lanzoni, 2010] , tidal asymmetry characteristics [Speer and Aubrey, 1985; Dronkers, 1986; Friedrichs and Aubrey, 1988] , and energy entropy state [Leopold and Langbein, 1962; Nield et al., 2005; van der Wegen and Roelvink, 2008] . In fact, all the above indicators converge toward a morphologically stable state which in our simulations is also characterized by almost null gradients in sediment fluxes.
As shown in this study, the growth of both the numerically modeled and experimentally observed tidal networks is very rapid in the beginning phase and slows down (Figure 4) when the system approaches equilibrium. The evolution of modified tidal prism and cross-section area clearly shows that the tidal network (either experimental or numerical) tends to adapts to a stable state characterized by a certain "C I P-Ω relationship" that natural systems also follow (Figure 11 ). At equilibrium state, a certain hypsometry is established ( Figure 8 ) and maximum flood velocity approximately equals maximum ebb velocity (i.e., tidal asymmetry tends to vanish; see Figure 5 ). This resembles the findings of van der Wegen and Roelvink [2008] and van der Wegen [2013] who investigated a different morphological landscape (long estuaries) and identified two morphological time scales: the first "fast" time scale is related to the channel-shoal formation and the second "slower" time scale is related to the gradual bed profile adjustment to tidal asymmetry. The time scales to reach equilibrium are strongly linked to the space scale [see, e.g., Cowell et al., 2003a Cowell et al., , 2003b Coco et al., 2013] : the mesotidal simulation (with larger model domain) requires more time than the microtidal case to reach a stable configuration (also, the NES simulations require much more time than the ELS ones). Compared to the physical experiments, the ELS numerical model constructs a stable tidal network more rapidly (after about 2500-3000 tidal cycles). This difference may originate from various reasons related to the mathematical representation of physical processes in the numerical model, e.g., description of sediment transport for the artificial sand used in the experiment. To test the numerical model under the "equilibrium" conditions observed in the laboratory experiments, we tried one more numerical simulation using the initial input bathymetry based on the equilibrium network obtained in the experiment Run 4. Model results showed that very insignificant morphological change in the lagoon only occurred for the first several tidal cycles during which small seabed irregularities were smoothed out and the bathymetry remained unchanged afterward. This is because the water depth of the laboratory tidal networks is deeper than the stable numerically modeled network (more erosion occurred in laboratory, Figure 4) . Therefore, the sediment transport flux, calculated with this deep water depth, is small and can hardly trigger further morphological change. This reason also holds for the equilibrium reached in the laboratory experiments.
Conclusions
A state-of-the-art numerical model is used to investigate the initiation and development of tidal networks at both experimental laboratory and natural estuary scales. As observed in the laboratory experiments, numerical results show that the tidal networks are initiated by a local excess of bottom shear stress due to the flow convergence at specific locations dictated by the initial bed perturbations and further developed through a strong feedback mechanism between flow, sediment transport and bathymetry. This feedback mechanism gradually leads the entire system to a less dynamic state and finally to a stable network configuration. The synthetic tidal networks generated by the numerical model at laboratory scale resemble those observed in the physical experiments in terms of general bifurcation patterns, while the detailed spatial distribution of channels differs to some extent. Model results of the scaled-up microtidal and mesotidal simulations, in terms of equilibrium channel width-to-depth ratios and flow velocities, agree well with the scaling arguments of Stefanon et al. [2010] , and the pattern formations are consistent to observations of the Venice Lagoon and Dutch Wadden Sea. Quantitative analyses show that the lagoon area, in both the ELS and NES simulations, is subject to erosion, as observed both in nature and the laboratory (basins with large intertidal areas tend to be ebb-dominant). The numerically simulated tidal network morphology is influenced by many factors. Sensitivity tests show that initial bathymetry, frictional parametrization, sediment transport, and bed slope terms play an important role in determining the evolution and the final configuration of these particular landscapes. Both the laboratory experiments and numerical models are not inclusive, e.g., the influence of sediment cohesion and vegetation are neglected and the role of boundary conditions requires some further investigation. Improvements of further research can be achieved by taking account of those effects. Moreover, the limitation of the ebb-dominated nature may be relaxed by some other designs of the experimental setting [e.g., Kleinhans et al., 2012] .
Large-scale long-term numerical modeling is imperative for making sustainable management strategies for coastal and estuarine systems under increasing climate variations and human activities; however, our confidence is inevitably restricted by the high limitation of calibration and validation data. Small-scale experimental modeling provides another perspective to gain insight into long-term morphodynamics of those systems (from initiation to equilibrium), but it often suffers from scaling issues. This research combines both methodologies and presents a comparative study on tidal network ontogeny with promising results. Overall, it appears that comparing numerical models and laboratory experiments could result in fundamental advances, not only because it challenges our ability to predict but also because it can shed light on long-standing questions related to long-term behaviors and equilibrium configurations.
